Abstract Older HIV-infected men are at higher risk for both depression and cognitive impairments, compared to HIVuninfected men. We evaluated the association between longitudinal patterns of depressive symptoms and attention/ executive function in HIV-infected and HIV-uninfected men aged 50+ years to understand whether HIV infection influenced the long-term effect of depression on attention/ executive function. Responses to the Center for Epidemiologic Studies-Depression scale and attention/ executive function tests (Trail Making Test Part B and Symbol Digit Modalities Test) were collected semiannually from May 1986 to April 2015 in 1611 men. Group-based trajectory models, stratified by HIV status, were used to identify latent patterns of depressive symptoms and attention/ executive function across 12 years of follow-up. We identified three depression patterns for HIV-infected and HIVuninfected men (rare/never 50.0 vs. 60.6%, periodically depressed 29.6 vs. 24.5%, chronic high 20.5 vs.15.0%, respectively) and three patterns of attention/executive function for HIV-infected and HIV-uninfected men (worst-performing 47.4 vs. 45.1%; average 41.9 vs. 47.0%; best-performing 10.7 vs. 8.0%, respectively). Multivariable logistic regression models were used to assess associations between depression patterns and worst-performing attention/executive function. Among HIV-uninfected men, those in the periodically depressed and chronic high depressed groups had higher odds of membership in the worst-performing attention/executive function group (adjusted odds ratio [AOR] = 1.45, 95% CI 
Introduction
Depression is prevalent in older community-dwelling adults, with 26% reporting depressive symptoms (Substance Abuse and Mental Health Services Administration 2011). Depression can elevate risk of disability, hospitalizations, comorbidities, cognitive impairment, and death (Almeida et al. 2012; Ariyo et al. 2000; Broadhead et al. 1990; Snowden et al. 2015) .
The relationship between depressive symptoms and cognitive impairment has been extensively studied in older adults (Andreescu et al. 2008; Graziane et al. 2016) . Depressive symptoms are risk factors for cognitive impairment (Barnes et al. 2006; Saczynski et al. 2010; Rosenberg et al. 2010) . Graziane et al. (2016) found that those with moderate-grade depressive symptoms were at high risk of persistently lower cognitive function over a 5-year period. While the relationship between depressive symptoms and cognitive deficit in older adults is established, the effect of depression on cognitive function in vulnerable populations, such as persons living with HIV (PLWH), has not been well described.
More than half of PLWH today in the USA are aged 50 years and older (Mahy et al. 2014) . Many are living longer without AIDS-related complications as a result of highly active antiretroviral therapy (HAART) (Goodkin et al. 2001 ) but are at increased risk for age-related comorbidities (Guaraldi et al. 2011; Vance et al. 2011) . Moreover, HIV-infected individuals have twice the risk of major depressive disorder, compared to HIV-uninfected individuals (Ciesla and Roberts 2001) . The estimated prevalence of depression in PLWH varies from 22% (Campos et al. 2008 ) to 71% (Savetsky et al. 2001) . Depression is a risk factor for both HIV viral load increase and CD4 T cell count decline, indicating that depression may act to enhance viral replication or suppress immune function in PLWH (Horberg et al. 2008; Ironson et al. 2005) .
Cognitive impairment affects up to 52% of middle-aged PLWH (Heaton et al. 2010 ), compared with 16-19% of HIV-uninfected adults (Heaton et al. 2011) . Cognitive decline is independently associated with aging (Plassman et al. 2010; Sachdev et al. 2012 ) and HIV infection (Heaton et al. 2011) , such that increasing age and HIV severity both add substantially to the burden of cognitive impairment among PLWH (Wendelken and Valcour 2012) . In PLWH, a history of chronically low CD4 T cell count predicts cognitive impairment (Heaton et al. 2011) indicating one pathway whereby depression may increase the risk of cognitive impairment among PLWH (Kiecolt-Glaser and Glaser 2002). Additionally, depression increases the risk for medication non-adherence, leading to poorer viral suppression and cognitive impairment (Gonzalez et al. 2011) .
One domain of cognitive function that may be particularly susceptible to the effect of HIV and depression is executive function, a set of higher-order cognitive processes including attention, inhibitory control, and working memory. Early changes in executive function may predict mild cognitive impairment (Albert et al. 2001; Petersen et al. 2001 ) and contribute to difficulties in daily functioning (Heaton et al. 2004) . HIV is associated with executive dysfunction (Reger et al. 2002) , a characteristic of HIV-related neurocognitive impairment (Dawes et al. 2008) .
To elucidate the association between depression and attention/executive dysfunction among PLWH, we used data from a cohort of HIV-infected and HIV-uninfected older men who have sex with men (MSM) with up to 12 years of serial assessments on depressive symptoms and attention/executive function. By classifying participants by long-term patterns of depressive symptoms and attention/executive function, we examined whether specific longitudinal patterns of depressive symptoms were associated with patterns of worse attention/ executive function by HIV status. We hypothesized that associations of depression patterns with worse attention/executive function would be more pronounced in HIV-infected MSM than in HIV-uninfected MSM.
Methods

Research participants
The study was conducted within the Multicenter AIDS Cohort Study (MACS), a prospective study of the natural history of HIV infection among MSM that started in 1984 (Kaslow et al. 1987) . Study design, eligibility criteria, and recruitment have been described previously (Kaslow et al. 1987) . In brief, participants (N = 7338) underwent structured interviews and physical exams every 6 months. For the present study, we restricted the data set to those aged 50 and older (N = 6981), to coincide with the onset or exacerbation of depressive symptoms and cognitive decline in most populations (Ganguli 2009 ). Follow-up time was contributed from May 1986 to April 2015.
To assure robust modeling of long-term patterns, we further restricted to HIV-infected and HIV-uninfected participants with at least five visits (2.5 years) of follow-up data at which both depressive symptoms and executive function were measured, given that a minimum of three assessments are needed for trajectory estimation (Murphy et al. 2015; Nagin and Odgers 2010) . HIV serostatus was treated as time-varying with seroconverters contributing to both HIV-infected and HIV-uninfected trajectories. The study protocol was approved at all collaborating institutions' IRBs, and participants provided written informed consent.
Depressive symptoms
Depressive symptoms were assessed via the Center for Epidemiologic Study-Depression scale (CES-D), a 20-item self-report measure of depressive symptom severity experienced during the past week (Radloff 1977) . A CES-D score ≥16 was used to define the presence of mild clinically relevant depressive symptoms (Radloff 1977) at each semiannual visit.
Measures of attention/executive function
Attention/executive function was assessed semiannually from study inception, using the performance on two cognitive tests as indicators of the construct: the number of symbol-digit pairs from the Symbol Digit Modalities Test (SDMT) (Smith 1968) and the completion times from the Trail Making Test (TMT) (Reitan 1958) . The TMT Part A and SDMT assess information processing. The TMT Part B has a set-shifting component, which indexes attention/executive function. We used the difference in completion times of TMT Parts B and A to obtain an assessment of executive function, since both measures encompass psychomotor functioning (Corrigan and Hinkeldey 1987; Drane et al. 2002; Sanchez-Cubillo et al. 2009 ).
Z-scores were calculated for attention/executive function and standardized to the baseline visit using the baseline testspecific mean and standard deviation (SD) across all MACS participants (Becker et al. 2014; Selnes and Miller 1994) . Then, the test-specific z-scores for each visit were summed and re-standardized such that the interpretation of the domain-specific z-score would be one SD change in the baseline score (Rawlings et al. 2014 ).
Covariates
Fixed covariates included baseline age, race, college education, enrollment cohort, and cumulative years of efavirenz and rilpivirine use. Enrollment cohort adjusts for socioeconomic differences and cART era exposure differences between enrollment waves (Walensky et al. 2006) . Efavirenz and Rilpivirine cause depressive symptoms (Panel on Antiretroviral Guidelines for Adults and Adolescents), and efavirenz may lead to susceptibility to cognitive impairment (Jin et al. 2016) .
Time-varying covariates included hypertension, dyslipidemia, illegal drug use, heavy alcohol use, viral load, and low CD4 count. Hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg. Dyslipidemia was defined as either a fasting total cholesterol ≥200 mg/dL, low-density lipoprotein >40 mg/dL, triglycerides ≥150 mg/dL, or use of lipid-lowering medication with self-report of a previous diagnosis. Both were absorbent states, such that the individual was assumed to always have the condition after meeting the definition. Illegal drug use and heavy alcohol use (heavy/binge drinking vs. none/low/moderate drinking) were reported for the 6 months period prior to the study visit. Viral load was log-transformed, and low CD4 count was defined as <200 vs. ≥200 cells/mm 3 (US Department of Health and Human Services).
Trajectory group membership for depressive symptoms and attention/executive function
To identify distinct trajectory patterns of depressive symptoms and attention/executive function, we used a latent group-based dual trajectory modeling approach under the assumption that the sample is drawn from a discrete set of subpopulations, each one having a distinct trajectory pattern, to approximate an underlying continuous distribution with a complex structure (Graziane et al. 2016; Jones and Nagin 2007; Jones et al. 2001; Nagin and Odgers 2010; Nagin and Tremblay 2001) .
First, we modeled depressive symptoms and attention/ executive function data separately to find the best-fit groupbased univariate trajectory models. The optimal number of trajectory classes and functional form (linear or polynomial) were determined. Criteria for the determination of best fit were average posterior probability of trajectory group membership >0.7 for all trajectory groups, smallest Bayesian information criteria, presence of at least 5% of participants in each trajectory group, and the odds of correct classification >5.0 (Nagin and Tremblay 2001) .
For depressive symptoms, a logit model was used to describe the probability of clinically significant depressive symptoms at each visit up to 12 years. This model was adjusted for time-varying covariates to estimate the highest membership probability in depression trajectory groups. For attention/ executive function, a censored normal model was used to describe attention/executive function z-scores over time.
Next, we jointly estimated the proportion of the sample belonging to each attention/executive function trajectory group by depression trajectory groups in a dual trajectory model of depressive symptoms and attention/executive function.
Statistical analysis
We characterized the sample at the baseline visit using means and percentages. We also compared baseline depressive symptoms and attention/executive function z-scores between included vs. excluded participants, stratified by HIV status, to evaluate whether the requirement of at least 2.5 years of data led to a non-representative sample in terms of the distribution of depression and cognitive status. The baseline visit was the first visit with available data occurring at or after age 50.
After assigning group membership for long-term depressive symptoms and attention/executive function, multivariable logistic regression models were used to determine if moderate/high depression groups were associated with worst attention/executive functioning. Models were adjusted for baseline covariates only, as the depression group membership estimation included all time-varying covariates. A p value <0.05 guided statistical interpretation. Analyses with model fit were done using R 3.1.2 and SAS version 9.4, and all other analyses were completed using Stata version 13.1 (Jones and Nagin 2007; R Core Team 2015; SAS Institute Inc. 2002 StataCorp 2013) .
Sensitivity analysis
We repeated all methods to define class membership using a CES-D ≥20 (Lyness et al. 1997 ) and an alternate definition of depressive symptoms that allowed either CES-D ≥16 or current antidepressant use to see if inferences remained the same. The alternate definition was used in lieu of adjustment for depression treatment, as antidepressant use is both a cause and a consequence of depression status. Thus, adjustment could introduce bias.
Results
Sample characteristics
There were 669 HIV-infected and 942 HIV-uninfected older MSM who met eligibility criteria. There were no differences in baseline depressive symptoms and attention/executive function z-scores among included and excluded HIVuninfected MSM (ps > 0.05). Among included and excluded HIV-infected MSM, we found differences in mean z-scores of attention/executive function (p = 0.03), but no differences in baseline depressive symptoms (p = 0.44) and the univariate association between depressive symptoms and attention/ executive function z-scores (ps > 0.05).
Demographic characteristics
Baseline sample characteristics are shown in Table 1 . HIVinfected MSM were more likely to be younger; have recent illegal drug use, diabetes, hypertension, and hyperlipidemia; report more baseline depressive symptoms; and be on antidepressant treatment longer than HIV-uninfected MSM (all ps < 0.01). HIV-infected MSM were less likely to be Caucasian and college-educated as well as belong to post-2000 enrollment waves (all ps < 0.01). Also, HIV-infected MSM had fewer visits completed than HIV-uninfected MSM (p < 0.01). Table 1 shows the characteristics by depression trajectory. The mean baseline age, race, and illegal drug use differed by depression trajectory groups among HIV-uninfected MSM (all ps < 0.01) but did not differ among HIV-infected MSM (all ps > 0.05). College education, antidepressant use, post-2000 enrollment wave, and mean number of completed visits (all ps < 0.01) differed by depression trajectory groups between HIV-infected and HIV-uninfected MSM. Baseline diabetes, hypertension, and dyslipidemia did not differ by depression trajectory groups between HIV-infected and HIVuninfected MSM (all ps > 0.05).
Trajectory group membership for depression and attention/executive function
The optimal univariate trajectory model fit for depression and executive dysfunction was achieved when three trajectory groups for both were specified (Supplementary Tables 1 and  2 ). The three patterns for HIV-infected MSM were rare/never (50.0%), periodically depressed (29.6%), and chronic high (20.5%). The three patterns for HIV-uninfected MSM were rare/never (60.6%), periodically depressed (24.5%), and chronic high (15.0%) (Fig. 1) . Among HIV-infected MSM, the three attention/executive function groups were worstperforming (47.4%), average (41.9%), and best-performing (10.7%) (Fig. 2) . Similarly, among the HIV-uninfected MSM, the three attention/executive function groups were worst-performing (45.1%), average (47.0%), and bestperforming (8.0%) (Fig. 2) .
Relationships of trajectories between depressive symptoms and attention/executive function
We examined the proportion of individuals in each depression group who were assigned to the worst-performing attention/ executive function trajectories (Supplementary Table 2 ). The chronic high depressed group for both HIV-infected and HIVuninfected samples had the highest percent membership in the worst-performing attention/executive function group (52.4, 60.1%). The rare/never depressed group from HIV-infected and HIV-uninfected samples had the highest percent membership in the best-performing attention/executive function group (12.7, 8.5%) (Supplementary Table 2 ).
Associations of depression trajectory groups and worst-performing attention/executive function group
We used logistic regression models to examine the association between worst-performing attention/executive function group membership and the depression group membership with and TMT A and TMT B were measured by completion times in seconds. Diabetes was defined as a fasting glucose greater than or equal to 126 mg/dL or self-report of a previous clinical diagnosis with medication. Viral load was measured in 1000 cells/mL; low CD4 count was <200 vs. 200+ cells/mm 3 . Years on antidepressants, efavirenz, and rilpivirine represent cumulative years on these drugs. Recent drug use is defined as use of any of the following drugs in the last 6 months: phencyclidine, depressants, ethyl, gamma-hydroxybutyric acid, speed balls, opiates/heroin, stimulants, erectile dysfunction drugs, cocaine, alkyl nitrites, or marijuana. p values represent p values of the differences among the categories SD standard deviation, CES-D Centers for Epidemiologic Studies-Depression Scale, TMT Trail Making Test, SDMT Symbol Digit Modalities Test without baseline covariate adjustment. Best-performing and average attention/executive function groups were combined because of a small sample in the best-performing group. Among HIV-infected MSM, MSM belonging to the chronic high depressed (OR 1.13, 95% CI 0.74, 1.73) and the periodically depressed (odds ratio [OR] 1.09, 95% confidence interval [CI] 0.75, 1.59) groups were not associated with the odds of worst-performing attention/executive function, as compared to the rare/never depressed group (Table 2) . Among HIV-uninfected MSM, MSM belonging to either chronic high depressed groups (OR = 2.25, 95% CI 1.49, 3.39) or periodically depressed (OR = 1.45, 95% CI 1.04, 2.03) had higher odds of belonging to the worst-performing attention/executive function group, as compared to the rare/never depressed group (Table 2) .
Sensitivity analyses
After determining the best-fitting trajectory model based on a logit distribution when using CES-D ≥20, we found three d e p r e s s i v e s y m p t o m c l a s s e s f o r b o t h s a m p l e s (Supplementary Tables 1 and 2 , Supplementary Fig. 1 ). In both samples, the magnitudes were similar (Supplementary Table 3 ). Fig. 2 Trajectories of z-scores of attention/executive function and years since baseline visit using censored normal group-based trajectory models Fig. 1 Depressive symptom trajectory groups and years since baseline visit using a logistic regression group-based trajectory model by HIV status. The trajectory models were adjusted by time-varying covariates, such as hypertension, dyslipidemia, illegal drug use, heavy alcohol use, low CD4 count (HIVinfected men only), and viral load (HIV-infected men only). Cutoff of CES-D was 16 and above for each visit since baseline
As an additional analysis, we included antidepressant use with CES-D at each visit to broaden the definition of depressive symptoms for the group membership. When we examined the association of the depressive symptom trajectory groups with worst-performing attention/executive function group, inferences did not change (Supplementary Table 4 ).
Discussion
Our findings suggest that there are three depressive symptom trajectory patterns (rare/never, periodically depressed, and chronic high) and three attention/executive function trajectory patterns (worst-performing, average, and best-performing) among older HIV-infected and HIV-uninfected MSM. Among HIV-infected MSM, there was no association between the depressive symptom trajectory groups and worstperforming attention/executive function group. We expected that HIV-infected MSM in the chronic high depressed group would have higher odds of worst-performing group membership compared to HIV-infected MSM in the rare/never depressed group, but our results do not support this hypothesis. Among HIV-uninfected MSM, compared to the rare/never depressed group, those in the periodically depressed and chronic high depressed group have higher odds of worstperforming attention/executive function group membership. This result suggests that depressive symptoms are related to impairments in attention/executive function in older adults without HIV infection, which is consistent with other studies (Butters et al. 2004; Kommer et al. 2013) .
The lack of an association between depressive symptom trajectory groups and attention/executive function trajectory groups among HIV-infected MSM could be explained in several ways. First, HIV-infected MSM had more cumulative years on antidepressant therapy and elevated baseline depressive symptoms than HIV-uninfected MSM. HIV-infected MSM appear to be aggressively treated and receive more follow-up care, which may mitigate any long-term impact on cognition. Similar results were found when we used a stringent threshold for the CES-D for depression trajectories.
Secondly, HIV-infected MSM had greater baseline cognitive deficits. We found that HIV-infected MSM had significantly fewer pairs on the SDMT than HIV-uninfected MSM at baseline. HIV-infected MSM may already be experiencing some non-specific baseline cognitive deficits, as compared to HIV-uninfected MSM, and thus, effects of depression may have already occurred prior to entry into our study.
Lastly, the impact of depression on attention/executive function among HIV-infected may be relatively small compared to the effect of other HIV-related factors, resulting in an inability to detect its contribution.
Main strengths of the study were repeated measures of depressive symptoms and attention/executive function collected semiannually since 1984. Substantial follow-up is needed in the HAART era to detect changes in sensitive indicators of HIV-related cognitive impairment (Sacktor et al. 1996 ; Sacktor et al. 2010; Cole et al. 2007) . Cognitive performance diminishes slightly as we age, so long-term follow-up of neuropsychological measures may detect changes (Salthouse 1996) . The study also had a large sample of an aging at-risk population in which risk for depression and cognitive function deficit is expected to be relatively high, providing an ideal platform for characterizing depression and attention/ executive patterns longitudinally. There were several study limitations. First, older participants tended to be from the first enrollment wave of MACS. This may introduce survivorship bias, meaning that those in earlier enrollment waves are different from those in later enrollment waves. This may lead to questionable generalizability to the current HIV-infected population (Becker et al. 2009; Becker et al. 2014; Sacktor et al. 2010) . Another limitation is the lack of clinical interview for depression diagnosis. To overcome this limitation, we assessed face validity of depression trajectory classifications, by showing that the baseline CES-D scores and proportion on antidepressants increased as the severity of depressive symptom trajectories increased. Moreover, there may be unmeasured confounders, such as social support, which may affect inferences.
These results suggest the importance of screening for depressive symptoms in older HIV-uninfected MSM. Assessment of depressive symptoms up to 12 years after age 50 showed that those with chronic high depression were more likely to have worse attention/executive function among HIVuninfected men. We did not find added impact of HIV and depression on attention/executive function among HIVinfected men.
Further studies are required to determine if similar results are present in HIV-infected women and HIV-infected individuals acquiring HIV infection through different risk factors. MACS only consists of MSM, representative of one vulnerable population. Injection drug users represent another vulnerable population at risk for depression, HIV infection, and cognitive impairment. If similar patterns emerge, then depression might not be a major contributor to executive dysfunction among HIV-infected individuals. However, HIV-uninfected individuals appear to be at great risk of executive dysfunction if they are severely depressed.
